these requirements (Stiller et al., 2004) , and those with the okra leaf trait have also been successful (Stiller et al.,
The objectives of this study were (i) to measure a range of physiological traits on a selection of cotton cultivars originating from Australia and Texas, (ii) to determine the sensitivity of these measurements for differ-O ne aim of our cotton-breeding program is to proentiating between cultivars and the repeatability of the duce cultivars for dryland production systems that ranks obtained, and specifically (iii) to estimate heritahave high yield potential and enhanced water use effibility of the traits and to determine their associations ciency in addition to tolerance to water stress. Traditionwith lint yield. Results are expected to provide informaally, material from our irrigated cotton-breeding program tion to utilize in a cotton-breeding program to improve is evaluated under dryland conditions to determine gethe yield of cultivars for dryland production systems. notypes most suited to those conditions. However, with the increase in the area of cotton produced under dry-MATERIALS AND METHODS land, we have expanded our breeding efforts to address specifically this production system and evaluate differ-A summary of experiments conducted in this study are ent selection criteria in screening breeding populations shown in Table 1 . All experiments were conducted with randomized complete block experimental designs with three repfor enhanced WUE. In Australia, the soil types used for licates. dryland cotton have a high water holding capacity (Chan Details of these experiments are presented in Stiller et al. and Hodgson, 1981) , but rainfall can be unreliable (Stil-(2004) under the heading "diverse cultivar experiments." The ler et al., 2004; Cull et al., 1981) . Thus, a dryland cotton Australian sites were prepared in a similar way, either being cultivar needs to withstand extended periods of water cropped to wheat the previous winter or cropped to grain stress and then be able to utilize rain when it occurs.
sorghum [Sorghum bicolor (L.) Moench] the previous sumLate-maturing cultivars have been shown to best meet mer. The Pecos experiment was in a long fallow field following cotton two seasons previously. Nitrogen fertilizer was applied, usually as NH 3 , at rates between 60 and 80 kg N ha Ϫ1 for dry- ) was applied after sowing before crop emergence. Hand hoeing and able photosynthesis unit with a 6-cm 2 chamber. Five leaves per plot were measured, with measurements on a portion of interrow cultivation were used for all subsequent weed control. The crops were sown with a cone seeder on rows one the youngest, fully expanded, fully sunlit leaf (usually four nodes from the terminal), held perpendicular to the sun and meter apart to achieve a plant population of 60 000 plants ha
Ϫ1
, except irrigated trials at Narrabri which were 120 000 were taken within the period of three hours either side of solar noon. plants ha Ϫ1 and the Pecos experiment which had a population of 200 000 plants ha
. Furrow irrigation was applied to the Ten leaves per plot were combined for ⌬ analysis. Leaves that had been measured for gas exchange, or leaves from the irrigated crops as required during flowering and boll filling (three applications of approximately 100 mm in [1995] [1996] same position on a different plant were harvested. Each leaf blade was removed from the petiole, inserted into a paper packet and five in 1996-1997). The crops were sprayed by aircraft to control insect pests according to the Cotton Pest Management and placed immediately on ice to stop respiration. As soon as possible they were transferred to a fan forced dehydrator at Guide (Shaw, 1999) .
Detailed information on the soil and climate is given in Stil-80ЊC for a minimum of 48 h. These samples were shipped to the Australian National University, Research School of Biologler et al. (2004) . The soil types across the three sites were as follows: Narrabri, Typic Haplustert (USDA Classification, Soil ical Sciences, Canberra. Each sample was ground in a Cyclotec model 1093 grinder (Foss Tecator, Hö ganä s, Sweden) with a Survey Staff, 1996) , [Australian classification, Isbell, 1996 , Self mulching vertisol; very fine (clay Ͼ 60%)]; Dalby, Typic Hap-0.4-mm screen, to obtain a maximum particle size of 100 m. Subsamples of 10 mg were removed and combusted to water lotorrert (USDA Classification, Soil Survey Staff, 1996) [Australian classification, Isbell, 1996, Self mulching vertisol; very and CO 2 in a VG Isoprep 13 (VG Isogas Ltd., Cheshire, UK) combustion system. The effluent carbon dioxide was trapped in fine (clay Ͼ 60%)]; and Pecos, Ustic Calciustoll (USDA Classification, Soil Survey Staff, 1996) , [Australian classification, the liquid nitrogen-cooled glass tube supplied by the manufacturer and allowed to enter the inlet of a VG Micromass 602D Isbell, 1996, Clayey tenesol (Clay Ͼ 35%)]. The Australian soils had a water holding capacity greater than 190 mm to a ratio mass spectrometer (VG Instruments, Cheshire, UK), directly. An internal standard prepared from C 3 sucrose (with depth of 1500 mm (Chan and Hodgson, 1981) .
Seven cultivars were chosen for these experiments to pro-␦ relative to PeeDee Beleminite of -24.08 o / oo ) was periodically combusted to estimate variation in isotope ratios due to samvide some contrast in plant type and maturity (Table 2) . Siokra L23 was a successful dryland cultivar in Australia and has ple preparation. ⌬ of dry matter was calculated according to Hubick et al. (1986) . subsequently been shown to be water stress tolerant (Nepomuceno et al., 1998; Voloudakis et al., 2002) . CS50 has erratic dryThe center row of the three row plots, the center two rows of the four row plots, and both rows of the two row plots were land performance and has subsequently been shown to be nontolerant to water stress (Nepomuceno et al., 1998) . Sicot 189 machine harvested with a spindle picker and the seed cotton weighed. A subsample of approximately 400 g of seed cotton has some adaptation to dryland conditions, possibly because of disease resistance (Stiller et al., 2004) . The cultivars Tamcot was taken from each plot. Subsamples were ginned to determine lint percentage and this value was used to calculate lint HQ95 and Tamcot Sphinx were chosen because they were being used in a similar series of experiments in Texas (Gerik yield for each plot. A lint sample from each plot was evaluated for quality using a Spinlab High Volume Instrument (HVI) et al., 1996b). These cultivars and Cascot 014 have typically not performed well under dryland conditions in Australia (Reid, model 900 (Zellweger Uster, Knoxville, TN). Fiber characters measured were upper half mean length (mm), fiber length uniunpublished data, 1995).
Gas exchange measurements at Narrabri in 1994 and Pecos formity, strength (kN m kg Ϫ1 ), extension (%), and micronaire reading. in 1996 were made with a LI-COR model LI-6200 portable photosynthesis system (LI-COR, Inc., Lincoln, NE) with a 1-L As the crop began to mature, four successive hand harvests shown in cotton (Brugnoli et al., 1988) . In field studies
There was no heterogeneity of variance for ⌬.
with cotton, ⌬ was also associated with changes in leaf
Estimates of broad sense heritability were obtained by equating expected mean squares from analyses of variance to gas exchange traits and plant dry matter-based WUE genotypic ( 2 g ), genotype ϫ environment ( 2 ge ), and residual (Yakir et al., 1990; Gerik et al., 1996a) . varied with sample date on one occasion as indicated
ge /e ϩ 2 r /re) by a significant cultivar ϫ date interaction (P Յ 0.05-N95D for C i /C a ) ( Table 3 ). The benefit of a pooled where e is the number of environments and r is the number of replicates.
analysis was evident in N95D, as no significant cultivar effect was detected for C i /C a for individual sampling Sphinx was either highest or second highest on eight of 13 occasions. dates, but a significant (P Յ 0.05) cultivar and cultivar ϫ sample date interaction was obtained in a pooled analyThe low ranking of Siokra L23 for ⌬ is consistent with its high leaf WUE as measured by low C i /C a and also sis of variance (Table 3) . One cultivar, Siokra 1-4 had relatively high C i /C a for the first sampling date but the consistent with its water stress tolerance as measured by gas exchange and molecular response methods (Nepomulowest for both of the other dates (data not shown). Cultivar ranking for ⌬ was consistent across sample ceno et al., 1998; Voloudakis et al., 2002) . Cascot 014 also ranked high for ⌬; however, neither Tamcot Sphinx dates, as the cultivar ϫ sample date interaction was not significant in any experiment.
nor Cascot 014 consistently ranked low for leaf C i /C a , a trait closely linked to changes in instantaneous leaf Results of the pooled analysis across experiments indicated significant cultivar effects for A (P Յ 0.05); no WUE, and hence ⌬ (Farquhar et al., 1982) . Compared with leaf gas exchange traits, ⌬ of plant significant main effect of cultivar on C i /C a , although the ranking varied across experiments (P Յ 0.01); and organic matter was more reliable in establishing differences between cultivars. Advantages of ⌬ are that measignificant cultivar effects on ⌬ (P Յ 0.001), also with a change in ranking across experiments (P Յ 0.001) surement of this trait is very sensitive, accurate and repeatable, and able to detect extremely small differences (Table 3) . In regards to A, the ranking of cultivars was similar in only two experiments, N94D and T96I, sugbetween samples (Farquhar and Richards, 1984) . Also, because ⌬ provides a temporally and spatially integrated gesting a large number of experiments may be needed to obtain a useful ranking for A. Similarly, the cultivar ϫ estimate of leaf WUE (Hall et al., 1994) , it may help to minimize the influences of any large fluctuations in enexperiment interaction for C i /C a characterized by rank changes indicated this would not be a measure that environmental conditions. Gas exchange measurements, on the other hand, are influenced to a large degree by abled confident distinction between cultivars from single experiments or measurements. Although Siokra 1-4 the prevailing environmental conditions, not only of the day, but also of the exact time of day when the measurehad a higher mean C i /C a than Siokra L23 across experiments, this ranking was reversed in N95D (Table 3) . ment is taking place. Although we did not have a full orthogonal set of dryland and irrigated experiments, Cascot 014 and Sicot 189 had significantly (P Յ 0.05) higher A than Siokra 1-4 and Siokra L23. These differthis data set raises the obvious suggestion that ⌬ should be measured under dryland conditions to distinguish ences were consistent across experiments as evidenced by no significant cultivar ϫ experiment interaction. In genotypes with adaptations to water-limited conditions. Consistent with previous dryland experiments in Austhe experiments where significant differences were detected for A, there was an average 15% range in rates betralia (P. Reid, unpublished data), the four Australian cultivars had higher yield, higher lint percentage, and tween low and high cultivars. Pettigrew and Meredith (1994) found a range of 11% within a group of 18 normal longer and stronger fibers than the three Texas cultivars when data were averaged across experiments (Table 4) . leaf cotton cultivars with differing maturity and regions of adaptation. Taking this into account, it appears our
The cultivars from Texas were earlier maturing and the relatively low adaptation of these cultivars to the Ausexperiments contained similar genetic variability among cultivars for A.
tralian climate has been discussed in Stiller et al. (2004) . Any potential advantages in the Texan cultivars arising Averaged across experiments, Tamcot Sphinx and Cascot 014 had significantly higher ⌬ than Siokra L23 from physiological traits were possibly outweighed by lesser adaptation in terms of maturity and growth habit. (P Յ 0.001) but not in N95I where these three cultivars were equal and CS 50 had the highest and Tamcot HQ95 Leaf CO 2 assimilation in cotton during the boll maturation stage explained only about 20% of the variability the lowest ⌬. Low ⌬ in leaves of Tamcot HQ95 is consistent with the findings of Faver et al. (1996) of greater in lint yield of 18 field-grown cultivars (Pettigrew and Meredith, 1994) . Hence, other factors besides leaf gas CO 2 assimilation capacity (as inferred from higher slope of the A:Ci response curve) and less reduction in leaf exchange influence yield, including fruiting rate and boll retention, assimilate partitioning, leaf type, and canopy photosynthetic activity under water stress in this cultivar, as compared with another cultivar, G&P74ϩ. The leaf area (Turner et al., 1986 ). There was a significant (P Յ 0.05), though relatively cultivar ranking for ⌬ was relatively consistent. Siokra L23 was lowest on nine of the 13 occasions and Tamcot weak, negative association of A, C i /C a , and ⌬ with lint 58.4*** 0.37*** 0.22*** 3.43*** 0.10*** 0.14*** 0.35** ** Indicates significance at P Յ 0.01 level. *** Indicates significance at P Յ 0.001 level. yield when data were pooled across experiments (r 2 of posed that this association might have arisen from unconscious selection by breeders for faster growth in 0.13, 0.17, and 0.26 respectively). Figure 1A shows this association between ⌬ and lint yield for the four dryland genotypes of short duration. Faster growth may be required to achieve high yields as it compensates for any experiments. Within experiments, however, there was poor association between ⌬ and lint yield (Fig. 1B) . In yield penalty associated with short duration. However, when we investigated the growth rates of Siokra L23 a study involving 70 cotton cultivars grown in water stressed field conditions, Lopez et al. (1993) also found (low ⌬) and Cascot 014 (high ⌬), we found no evidence that this was the case (data not shown). This relationship no relationship between lint yield and leaf physiological WUE, A/g, or its components A and leaf conductance to could be the reason for the positive association found in the Texas studies between ⌬ and lint yield Gerik et al. water vapor (g) . Multiple linear regression on the data across experiments (Fig. 1B) indicated yield increased (1996b), where adapted, early maturing cultivars with high ⌬ had higher yield. Regardless of the reason for about 303 kg lint ha Ϫ1 for every per mil decrease in leaf ⌬. In contrast, Gerik et al. (1996b) demonstrated a the association, selection for low ⌬ would be desirable in terms of maturity, assuming the traits are linked, as consistent positive association between ⌬ and lint yield across a range of irrigated and dryland experiments, late maturing cultivars have shown an advantage under dryland conditions in Australia (Stiller et al., 2004) . while Leidi et al. (1999) found inconsistent associations; no relationship where irrigation was withheld, and a
Estimates of broad sense heritability were calculated. The reference population for heritability when calcupositive relationship in one dryland experiment.
Although associations between the physiological traits lated among cultivars is not a breeding population per se but a statistic that examines manipulation of WUE by and yield were significant when data were pooled across experiments, the range was not necessarily associated breeding and selection. Cultivar mean heritability across five experiments were 0.65 for A and 0.56 for C i /C a , with differences between cultivars. So, although the results support the theory that in environments with limwhile estimates for ⌬ across the complete set of seven experiments averaged 0.68 (Table 5) . Reported broad ited soil water, enhanced WUE (low ⌬, C i /C a and possibly A) can lead to water savings and thus support a sense heritabilities for gas exchange traits in various greater yield potential in cotton, but the confidence in Table 5 . Broad sense heritability estimates for leaf net photosynusing any of the physiological traits as indirect selection thesis (A ), ratio of intercellular CO 2 concentration to ambient for yield in a breeding program would be low. (White, 1993) , and cowpea [Vigna unguiculata (L.) Walp.]
Fiber micronaire 0.86 (Hall et al., 1993) . Richards and Condon (1993) pro-crops range from 0.2 to 0.8 (Asay et al., 1974;  Crosbie is necessary to more clearly determine their usefulness in a cotton breeding program. et al., 1977; Quail et al., 1989; Abdullaev et al., 1990; Donovan and Ehleringer, 1994) , our estimates being in the higher end of this range. Heritability for ⌬ in cereals ACKNOWLEDGMENTS has usually been observed to be higher; Condon and These studies were partially supported by funds from the Richards (1992) ous environments. However, heritability of ⌬ has been Thanks are extended to Lindsay Heal and Chris Tyson for asreported to be low in common bean (White et al., 1994) sistance with field experiments, Lennore Carpenter and Kellie Cooper for assistance with fiber testing, and Sue Wood of the and in cowpea (Menendez and Hall, 1995) . In most Australian National University, Research School of Biological cases, heritabilities were higher when measured on cultiScience, for carbon isotope analysis in leaf dry matter.
vars than on breeding populations.
Lint yield had a heritability of 0.56, toward the high
